High efficiency photovoltaic devices are normally fabricated on single crystalline substrates. These single crystalline substrates are expensive and volume production for widespread usage has not been realistic. To date, large volume production of solar cells is on less expensive noncrystalline substrates such as glass. Typically the films grown on glass are polycrystalline with less than ideal efficiency. It was proposed that a dramatic gain in the efficiency may be achieved if one uses a biaxially oriented buffer layer on glass to grow biaxial semiconductor films to fabricate solar devices compared to that of films grown directly on glass. Biaxial films are not exactly single crystal but have strongly preferred crystallographic orientations in both the out-ofplane and in-plane directions. Typically the misorientation between grains can be small (within a few degrees) and may possess low carrier recombination rate. In this paper we shall discuss growth techniques that would allow one to produce biaxial buffer layers on glass. A specific strategy using an atomic shadowing mechanism in an oblique angle deposition configuration that allows one to grow biaxial buffer layers such as CaF 2 on glass substrate will be discussed in detail. Results of heteroepitaxy of semiconductor materials such as CdTe and Ge on these biaxial buffer/glass substrates characterized by x-ray pole figure, reflection high energy electron diffraction (RHEED) pole figure and transmission electron microscopy (TEM) will be presented.
INTRODUCTION

Motivation
The most energy efficient solar cells to date are composed of inorganic single crystal semiconductor films grown on single crystal substrates such as Si, Ge, and GaAs [1] [2] [3] . Figure 1 shows a summary of the performance of a variety of materials and technology [2] . As can be seen in the plot, typically single crystal materials out-perform polycrystalline or amorphous materials in the same material family. However, from the cost effective point of view, single crystal substrates are too expensive for wide spread solar cell application because solar cells typically require a large area (> 1 m 2 ). This is in contrast to that of computer microchip applications, which are on the order of 1 cm 2 .
Large volume production of solar cells is still on non-crystalline substrates such as glass [4, 5] . Glass is cheaper but lacks the regular crystalline structure usually necessary to grow high quality "epitaxial" semiconductor films on it. Typically one can only grow polycrystalline films with random grain orientation [4, 5] . Random grain boundaries have a detrimental effect on the performance of the films because the boundaries serve as recombination centers that kill the carrier mobility and lifetime of minority carriers. In addition, when these polycrystalline films on glass serve as the substrate for growing additional layers of semiconductor (such as the III-V semiconductor) for solar cell applications, the morphology, the dopant incorporation efficiency, and the growth rate of the layers at different locations of the substrate are different, depending on the local crystal orientation of the polycrystalline substrate [6] [7] [8] . In fact, the growth rates and the dopant incorporation rates can vary by more than one order of magnitude depending on the local substrate orientation. This will result in a very rough surface and a non-uniform dopant distribution (microscopic scale) in the films, which can translate into a high leakage current when used in a solar cell.
The quest for small angle grain boundary semiconductor films
Recently, it has been shown that if the polycrystalline semiconductor films can be created with small angle grain boundaries, the films can have dramatically higher performance compared to that of the polycrystalline materials with random grain orientation [9] [10] [11] . It was shown that Si films with small angle grain boundaries (less than 4 o ) possess high carrier mobility [10] . The density of recombination centers or trap density at such boundaries is very low. This is very exciting because one may not require single crystal films to achieve high performance solar cells and the cost reduction using small angle grain boundary polycrystalline semiconductor films may be possible.
Small angle grain boundary semiconductor films on non-single crystal substrate can be achieved by first creating a biaxial buffer layer followed by depositing the semiconductor film [10] [11] [12] [13] [14] [15] [16] . Biaxial buffer layers can be grown on non-single crystal substrates such as glass by a number of techniques including ion assisted deposition [10] [11] [12] and oblique angle deposition [13] [14] [15] [16] . A biaxial film is not exactly a single crystal, but it has both preferred out-ofplane and in-plane orientations with small angle grain boundaries. So it is a "quasi-single crystal". Under the right growth conditions, a semiconductor film grown epitaxially on this biaxial buffer layer can also be biaxial and possess small angle grain boundaries. The concept is illustrated in Fig. 2 (b) using biaxial CaF 2 buffer as an example. For comparison, a polycrystalline semiconductor film with random grain orientation deposited on glass is shown in Fig. 2(a) [4, 5] . 
EXPERIMENT
I. Growth of biaxial buffer layer on glass
Growth techniques and material choices
Ion assisted deposition technique has been successfully used to create biaxial MgO buffer layers for semiconductor film growth [10] [11] [12] . While this technique is practical to create biaxial buffer layers for growing highly oriented high T c superconductor tapes [17] , it is not practical for large area solar cell applications. An alternative and scalable method to produce biaxial buffer layers is the oblique angle deposition (or the inclined substrate deposition) technique where growth on large area can be achieved. The oblique angle deposition technique has been used to produce buffer layers such as MgO [18, 19] , as well as CeO 2 [12, 13] and CaF 2 [14] [15] [16] to grow biaxial semiconductors. From the material point of view, CaF 2 buffer layers grown under normal incident vapor on single crystal Si substrates have been used extensively for the growth of single crystal semiconductor films such as CdTe and GaAs [20] [21] [22] . This is due to the excellent chemical compatibility of the CaF 2 surface with the semiconductor films, as well as the plastic deformation that is possible with the CaF 2 film. These properties have allowed the growth of low defect density single crystal GaAs films on single crystal Si substrates. Here the challenge is to grow quality biaxial CaF 2 buffer layers on an amorphous surface.
Principles of biaxial layer formation
In the oblique angle deposition process, due to the shadowing effect, the direction of incident flux can have a profound impact not only on the morphology but also on the evolution of the crystal orientation of the film. In this technique, the flux arrives at the substrate with an angle measured with respect to the surface normal. See Fig. 3(a) . Islands of different heights are initially nucleated at the surface. Depending on the substrate temperature during deposition, if the diffusion is not excessive, the incident flux of material that strikes the surface subsequently with an oblique angle is preferentially deposited onto the top of surface features with larger height values. This preferential growth dynamic gives rise to the formation of wellseparated nanostructures. The effect is illustrated in the inset of Fig. 3(a) . In addition, a selection of the crystal orientations, both outof-plane and in-plane orientations, also occurs during the shadowing growth due to a number of complex competition that involves the minimization of surface energy, anisotropic diffusion, and capture area mechanism [23, 24] . In some cases step diffusion barrier also can play an important role [25] . In the case of MgO, the minimum surface energy is the (100) plane that defines the crystal habit and the fastest growth direction is the [111] direction that is normal to the surface (out-of-plane direction). The largest capture area facing the flux is one of the (100) facets and would define the in-plane orientation selection [23, 26] .
However, a generic theory to predict the biaxial texture evolution has not been established. In the case of CaF 2 , the minimum energy plane is (111). According to the crystal habit, the fastest growth direction should be the [100] direction normal to the surface [23] . But from experiments, the out-of-plane of the CaF 2 nanorods was found to be the [111] direction with a strong biaxial orientation {111}<121> [27] . We also showed that a continuous biaxial CaF 2 film grown with a normal incidence flux onto the CaF 2 nanorods retained the biaxial texture of CaF 2 nanorods [27] .
As shown in Fig. 3 (b), this biaxial CaF 2 film can be formed in two steps. First we used a large oblique angle 65 o to create isolated CaF 2 nanorods, ~750 nm tall (labeled region I), with very good biaxial texture on the amorphous substrate. We then changed the deposition angle to normal incidence and deposited a 250 nm thick film (labeled region II). See Fig. 3(b) . During the normally incident deposition, the CaF 2 material deposited on top of the nanorods tended to fan out and eventually formed a continuous layer. The top surface of the film is corrugated but the coverage of the surface is much higher compared to that of the nanorods formed under oblique angle incidence which contains large gaps and holes. An x-ray (111) pole figure shown in Fig.  3 (c) was taken from the CaF 2 nanorod film with the capping layer. Because x-ray penetrates deep into the film, the x-ray pole figure reflects the average texture information from the entire thickness of the film. Both nanorod buffer layers alone and nanorod buffer layers with capping layers are suitable for further growth of semiconductor films.
Initial stages of biaxial formation: RHEED pole figure analysis
A natural question to ask is: How thick does the CaF 2 nanorod film have to be in order to develop the desired biaxial structure with a small in-plane angular spread? In practice because of the weak interaction between x-ray radiation and matter, the conventional x-ray pole technique is not sufficiently sensitive to obtain such information. Recently we developed an electron diffraction method called reflection high-energy electron diffraction (RHEED) pole figure technique [28, 29] that can do the job. Electrons interact strongly with matter and have a limited penetration depth (a few nm) in the energy range used in RHEED. It has been demonstrated that the technique allows one to probe the nanoscale texture in a very short data acquisition time. We performed a RHEED pole figure measurement on a ~40 nm CaF 2 film deposited on an amorphous substrate (native oxide covered Si) by the oblique angle deposition at 65 o incident flux with respect to the surface normal. The pole figure was constructed from 200 RHEED patterns taken by rotating the substrate 360 o around the substrate normal with an azimuthal angular incremental step of 1. these 200 diffraction patterns. The pole figure shows three concentrated intensity distributions and it indicates that the biaxial is already formed at such a thickness. Note that when a CaF 2 film with a similar thickness is deposited at normal incident flux, no in-plane preferred orientation is generated and the pole figure shows a ring structure. Thus the film has a fiber texture when deposited at normal incidence.
II. Growth of CdTe on biaxial CaF 2 /glass
Choices of semiconductor materials There are several possible choices for thin film semiconductors including Si, Ge, GaAs family, and CdTe family. An important consideration is the heteroepitaxial growth temperature which has to be less than 600 o C, the glass melting temperature, if a glass substrate is used. (This restriction is lifted if a metal substrate such as stainless steel sheet is considered.) The heteroepitaxy temperature for Si and GaAs on CaF 2 is 700 o C [30] and 590 o C [21] , respectively. These temperatures are either well above or too close to the glass melting temperature. For the CdTe family, high quality heteroepitaxy on CaF 2 can be achieved at lower than 450 o C [31] . Also, a similar epitaxy temperature can be achieved for Ge on CaF 2 [32] [33] [34] [35] . We shall discuss both CdTe and Ge cases.
CdTe has a direct bandgap and is optimal to absorb the terrestrial solar spectrum [36] . The maximum theoretical efficiency corresponding to the bandgap of CdTe is about 27 %. A few microns thick (~2 μm) CdTe film absorbs more than 90 percent of the light having photon energy above the bandgap. The small thickness required for an absorbing layer makes the cost of material for the solar cells relatively low. To date, efficiencies as high as 16 % have been reported for the CdTe based solar cells deposited by a variety of techniques. Most highefficiency CdTe based solar cells have a random polycrystalline structure and have been fabricated by starting with a transparent conducting oxide (TCO) coated glass substrate. A thin film of CdS, usually less than 100 nm, is deposited on this substrate by a variety of techniques followed by the deposition of 2-4 m thick CdTe. To improve the efficiency, the structure is often annealed under CdCl 2 ambient at temperatures in the range of 350 o C -400 o C followed by the contact formation and contact annealing. The CdCl 2 annealing process enhances the grain growth, passivates the grain boundaries and causes CdS-CdTe interdiffusion. Large grain growth is beneficial in reducing grain boundary recombination thus results in higher efficiency solar cells.
Despite this success, numerous challenges remain. One of them is the lack of fundamental understanding of the CdTe based solar cell properties as a result of the polycrystalline nature. In physical terms, the important effects are grain boundary recombination, the influence of grain boundary barriers on current transport and grain boundary diffusion, segregation of impurities from contact regions, and compensation effects [4, 37] . The presence of these grain boundaries and the randomness of these grain boundaries affect the long term stability of CdTe based solar cells. It is well known that the stable efficiency of CdTe based solar cells is much less than the initial efficiency measured in the laboratory. Also, even though CdCl 2 based annealing has improved the cell significantly, the highest efficiency quoted (16 %) is still less than the possible efficiency for a semiconductor of bandgap 1.43 eV. The single largest factor causing reduction of efficiency compared to the theoretical limit is grain boundary recombination [38] . Therefore a better control of the grain boundaries in CdTe based solar cells may lead to an increase of the overall efficiency and especially the long term stability of the solar cells.
Nanoheteroepitaxy of CdTe on biaxial CaF 2 /glass
Our recent study showed that strongly biaxially oriented semiconductor films such as CdTe can be deposited on the CaF 2 (biaxial) buffered glass substrates using metalorganic chemical vapor deposition (MOCVD) [14, 15] . Figure  5(a) shows the cross section TEM micrograph of a ~2 micron thick CdTe film deposited by the MOCVD technique onto the CaF 2 nanorods buffer layer (without capping) on a glass substrate. The deposition was performed in a vertical quartz reactor at 100 Torr and at 425 o C using dimethylcadmium and diethyltelluride as the precursors and hydrogen as the carrier gas. As shown in Fig. 5(a) , the CdTe grains have relative crystallographic orientations of 0 o , 4 o , and 10 o , respectively. Therefore, the grain boundaries highlighted by orange dotted lines are 4 o and 6 o small angle grain boundaries. In the initial layer of CdTe near the CdTe/CaF 2 interface, the grains are small with dispersive orientation distribution due to the nucleation in the gap of CaF 2 nanorods and formation of twins. As most of the small grains have similar orientations, they merge to form large columnar grains later when the film is thicker. Figure 5 (b) is a schematic drawing representing the image shown in Fig. 5(a) . Since the lattice mismatch between CdTe and CaF 2 is ~20 % (the lattice constants for CdTe and CaF 2 are 0.648 nm and 0.546 nm , respectively), approximately five CdTe lattice planes match with six CaF 2 planes at the epitaxial interface. This is equivalent to a superlattice period of N a CdTe = 5×0.648 nm = 3.240 nm or (N+1) b CaF2 = 6×0.546 nm = 3.276 nm, where N =5. An example of such epitaxy is shown in Fig. 6 . In Fig. 6(a) , the high resolution TEM image was recorded from the region near the tip of a CaF 2 nanorod with the {1 11} plane) facing towards the flux [27] . The blue, yellow and red dashed lines highlight different regions at the CdTe/CaF 2 interface. In the CdTe crystal near the interface, nearly regular strain field occurs every five lattice planes. This regularity is interrupted by the existence of the atomic step in the CaF 2 surface indicated near the disjoints of green and yellow dashed lines as well as yellow and red dashed lines. Figure 6 (b) includes a schematic drawing of superlattice matching of five CdTe lattice planes to six CaF 2 planes along the interface indicated by the red dashed line where there is no atomic step. The regularly spaced dislocations at the interface are indicated by red symbol . Further fine tuning of growth conditions and post annealing may be necessary to obtain better quality CdTe films.
Electrical characteristics of biaxial CdTe films
Initial characterization of the electrical properties of the biaxial CdTe/CaF 2 /glass films have been performed. A schematic of a van der Pauw configuration used in the determination of the Hall voltage V H is shown in Fig. 7(a) . Gold was used as the metal contacts (yellow regions at the four corners). When a constant current (I) is passed along the contact points 1 and 3, in a perpendicular magnetic field (B), a transverse voltage or Hall voltage (V H ) develops along the points 2 and 4. The Hall voltage is proportional to the applied current and the strength of the perpendicular magnetic field, V H =(IB)/(qpd), where, q (=1. 6 10 -19 C) is the elementary charge, p is the bulk carrier concentration and d is the sample thickness.
Undoped as grown CdTe layers are highly resistive. A tertiarybutylarsenic bubbler was used as the doping source to create a lightly doped p-type CdTe sample. The carrier concentration (p) and the mobility ( ) are plotted against various control currents (Fig. 7(b) ). The concentration was calculated from the Hall voltage and the sample thickness d through p=(IB)/(qV H d), and the mobility, =V H d/( IB), of the sample was calculated from the Hall voltage and resistivity ( ) measurement. The mobility obtained from the biaxial CdTe sample is approximately 30 % of that of the single crystal CdTe with similar carrier concentration [39, 40] . This result is quite encouraging because the biaxial sample deposition conditions and the quality of the film (including the biaxial orientation and texture angular spread) have not been optimized.
III. Growth of Ge on biaxial CaF 2 /glass
Nanoheteroepitaxy of Ge on biaxial CaF 2 /glass
To date, the solar cell efficiency as high as 40% has been observed for multijunction GaInP/GaInAs films grown on single crystal Ge substrates [3] . However, manufacturing cost prevents this technology from being used in widespread applications. One of the high cost items is the single crystal Ge substrate. Low cost small angle grain boundary Ge substrate on glass may be useful for this application. Epitaxial growth of Ge on single crystal CaF 2 /Si has been well documented in the literature [32] [33] [34] [35] . The lattice mismatch between Ge and CaF 2 is 3.4% at room temperature. Nevertheless quality epitaxial Ge films can be produced at elevated temperatures. An additional advantage of the nanostructured CaF 2 buffer isthat it can relieve the interface stress generated during the epitaxial growth of Ge. Ge films grown below 250 o C are amorphous. Epitaxial growth only occurs above 250 o C. Figure  8 (a) shows a cross section SEM image of ~600 nm Ge deposited on a biaxial CaF 2 capping layer/ CaF 2 nanorods/glass substrate at 400 o C by thermal evaporation [16] . Figure 8(b) shows the Ge(220) x-ray pole figure of Ge/CaF 2 /glass film indicating a clear biaxial nature of the Ge film. It has a localized pole intensity distribution that mimics a single-crystal-like structure with an out-of-plane and an in-plane angular spread of about 6 o and 9 o , respectively. Note that this angular spread is a measure of the resultant angular misorientation of all grains. In reality, the angular misorientation between adjacent grains is typically much smaller than the angular spread observed in the pole figures. In Fig. 8(b First-principles calculations using density functional theory (DFT) [42] [43] [44] [45] [46] [47] were performed to determine the energetics of the Ge(111)/CaF 2 (111) interface. We found that the type B orientation of the Ge film is energetically favorable among other possible configurations in a fluorine-poor environment.
Under such experimental conditions, we predicted that the top F -layer should be desorbed during Ge deposition, and the Ge atoms become bound to Ca 2+ layer of the CaF 2 substrate. As illustrated in Fig. 9 , all the dangling bonds of the CaF 2 substrate are satisfied. The intensity of the B{220} poles relative to {220} poles in Fig. 8(b) increases with increasing Ge deposition temperature. An elevated temperature can overcome the kinetic barrier necessary for the removal of the top F -layer. Therefore, our calculated result is consistent with our experimental observation that type B epitaxy is favored. [16] . It suggests that the Ge film has the near single crystalline nature. Figure 10 (b) shows a typical interface of Ge and CaF 2 , from the region at the edge of a CaF 2 cap, where their interface is close to the {111} out-of-plane of the film. The twin relationship between Ge and CaF 2 can be easily identified, with {111} as their mirror plane. A scheme representing this type of twinned epitaxial interface is shown in Fig. 10(c) . 
Electrical characteristics of biaxial Ge films
A van der Pauw technique was again used to measure the mobility and carrier concentration. Figure 11 shows the Hall mobility data obtained from as-deposited (undoped) biaxial Ge films grown at 300 o C and 400 o C. These undoped samples possess p-type carriers due to impurities/defects of 6.8×10 18 cm -3 and 8.5×10 18 cm -3 , respectively. Considering the high hole concentration, the hole mobility is very encouraging (about 40% of the bulk value). It also significantly increases with the growth temperature indicating that further improvement of mobility is possible. 
SUMMARY
In this paper we have discussed the growth of semiconductors on non-single crystal substrates. In particular, we have shown it is possible to grow small angle boundary semiconductors such as CdTe and Ge on glass by using a CaF 2 buffer layer. The buffer layer is a biaxially oriented, nanostructured film deposited on glass with the oblique angle deposition technique. Although we have used the same common buffer layer to grow both CdTe and Ge films, the microstructures of these semiconductors are quite different. In the case of MOCVD grown CdTe film, a familiar columnar structure was found. The column-column boundaries are small angle grain boundaries of less than 6 o . In the case of vapor deposited Ge, no such columnar structure exists. Instead, small angle boundaries less than 2 o were found. The whole Ge film appears single-crystal like. In both CdTe and Ge films, we did not observe threading dislocations that usually exist in epitaxial films with large lattice mismatch. This may be a result of nanoheteroepitaxy where the nanoscale buffer layer of CaF 2 nanorods allows additional stress relief through the lateral deformation in the epilayer [48, 49] .
